High-Mn steels attract attention because of their various technological properties. These are mainly mechanical and functional, such as the shapememory effect, high damping capacity, high strength with simultaneous large ductility, the TRIP/TWIP (transformation-and twinning-induced plasticity) effect, low cycle fatigue and high work hardening capacity. All these phenomena are associated with the face-centered cubic (f.c.c.)-hexagonal close-packed (h.c.p.) martensitic transformation which takes place in these alloys. During this phase transition defects are introduced, mainly due to the large volume change between austenite and martensite. Knowing this volume change is key to understanding the mechanical behavior of these metallic systems. In the present article, a full-pattern refinement method is presented. The proposed method uses data obtained by means of conventional X-ray diffraction from regular bulk samples and allows a high-precision calculation of the lattice parameters of both phases, f.c.c. and h.c.p., under conditions very different from randomly oriented (powder) materials. In this work, the method is used to study the effect of chemical composition on the volume change between the two structures. By applying empirical models, the results enabled the design and fabrication of Fe-Mn-based alloys with a small volume change, showing the potential of this new tool in the search for improved materials. research papers J. Appl. Cryst. (2020). 53, 34-44 Florencia Malamud et al. Volume-change determination in high-Mn steels 35 research papers J. Appl. Cryst. (2020). 53, 34-44 Florencia Malamud et al. Volume-change determination in high-Mn steels 37
Introduction
Modern alloys containing multiple elements in similar amounts, often referred to as high-entropy alloys (HEAs), display unique mechanical properties. Recently, promising Febased HEAs or high-entropy steels (HESs) have been developed (Nene et al., 2017; Raabe et al., 2015) . Although the introduction of several components to the steel, usually five or more, could lead to the formation of multiple crystalline phases (Ikeda et al., 2019) , the most commonly found are the face-centered cubic (f.c.c. or ), body-centered cubic (b.c.c. or ) and hexagonal close-packed (h.c.p. or ") phases.
Several HESs are based on the Fe-Mn system (Raabe et al., 2015) . Fe-Mn-based alloys have received attention due to their mechanical and functional properties. For example, depending on the composition and thermomechanical treatment, these alloys can exhibit the shape-memory effect, pseudoelasticity, a high damping capacity, transformationinduced plasticity (TRIP) and twinning-induced plasticity (TWIP) ( Wen et al., 2014; Sato et al., 2006; Sawaguchi et al., 2006 Sawaguchi et al., , 2015 Sawaguchi et al., , 2008 Nikulin et al., 2013; Millá n et al., 2014; Cladera et al., 2014; Seo et al., 2017; Li et al., 2018; Huang et al., 2010) . In general, they display excellent combinations of mechanical resistance and ductility. Several of these properties are related to martensitic transformations taking place in these materials. The predominant transformation mechanism is strongly dependent on the chemical composition and thermomechanical history of the alloy because both affect the relative phase stability. Chowdhury et al. (2017) recently published an interesting description of the material properties and the corresponding deformation mechanisms.
As is the case with most HESs, the unique properties of Fe-Mn-based alloys are governed by the interplay of f.c.c., b.c.c. and h.c.p. phases and the corresponding phase transformations. In these alloy systems, phase transformations can be triggered either by temperature changes or by the application of mechanical stress. An important property of these transformations is the associated volume change. A large volume change leads to the introduction of strong plastic deformation simultaneously with the phase transition. In the case of materials developed for damping applications, this plastic deformation contributes in a positive way to the dissipation of energy (Sawaguchi et al., 2006 (Sawaguchi et al., , 2008 (Sawaguchi et al., , 2016 . On the other hand, in shape-memory alloys this plastic deformation affects the reversibility by decreasing the amount of shape recovery. If the volume change is reduced, a smaller amount of plastic deformation is introduced, leading to a higher reversibility which favors the shape-memory properties. If the volume change is reduced sufficiently, the deformation associated with the phase transformation can be accommodated elastically, which is the main requirement for attaining pseudoelasticity. An excellent example of this behavior was reported by Ando et al. (2009) , who showed that Fe-Mn-Al alloys exhibit a b.c.c.-f.c.c. martensitic transition with a volume change smaller than 0.4%. A few years later, Ni was added to the ternary system, allowing the formation of nanoprecipitates that harden the matrix and enabling the absorption of the deformation by elastic energy (Omori et al., 2011) . This finding led to the discovery of one of the first pseudoelastic steels (Omori et al., 2011) . Interest in this system increased significantly after this finding (Tseng et al., , 2016 Vollmer et al., 2015; La Roca et al., 2015; La Roca, Baruj, Sobrero et al., 2017; Omori et al., 2016) .
Measuring, and ultimately controlling, the volume change in these alloys by adjusting the chemical composition is key to obtaining the desired properties. In principle, the volume change can be determined if the lattice parameters of the phases involved are measured accurately. The standard method for studying the crystal structure of a material is the Rietveld method (Rietveld, 1969) , which is a mathematical model that describes the scattered intensity from a powder or polycrystalline sample at every point in an X-ray diffraction pattern. The method was originally developed to perform crystal structure refinement, and over the years it has been extended to extract detailed crystal structure information from powder diffraction data, to perform quantitative phase analysis, and for the determination of crystallinity, microstructure and accurate cell parameters (Liu & Kuo, 1996; Bish & Howard, 1988; Riello et al., 1995; Yasukawa et al., 1998; Ferrari & Lutterotti, 1994; Mittemeijer & Welzel, 2008) . Several Rietveld refinement program codes have been reported in the literature [e.g. FullProf (Rodríguez-Carvajal, 1993) , GSAS-II (Toby & Von Dreele, 2013) and RIETAN (Izumi & Momma, 2007) , to name but a few], where structural and profile parameters are refined simultaneously. These methods and models are up to the task when the samples are assumed to be in powder or isotropic polycrystalline form, but this condition cannot always be attained. In particular, there are several difficulties involved in obtaining representative powder or isotropic samples of Fe-Mn-based alloys. These difficulties can be briefly summarized as follows:
(i) Powder preparation by mechanical means alters the relative amounts of the phases involved, increasing noticeably the amount of stress-induced martensite. In addition, it can introduce a large density of crystalline defects with undesired consequences for the diffraction patterns if the lattice parameters are to be precisely determined.
(ii) Most of the Fe-Mn-based alloys are thermally treated at high temperatures and quenched in order to retain a hightemperature phase at ambient temperature. These thermal treatments lead to significant oxide layers when powders are used.
(iii) Evaporation of Mn is hard to avoid when hightemperature treatments are performed, leading to changes in composition. This fact affects both bulk and powder materials, although it is reasonable to expect a larger effect in powder samples.
(iv) In order to achieve particular mechanical properties, it is usually necessary to apply deformation as well as hightemperature treatments on the alloys. These thermomechanical treatments introduce crystallographic texture and a set of microstructural features. In order to improve the comprehension of the interaction between microstructure and functional behavior, it is essential to study the material under the microstructural conditions that optimize the desired properties. This fact discourages the use of powder samples for these studies.
Standard Rietveld refinement methods work under two main conditions. The first is that the sample is composed of randomly oriented grains, and the second is that these grains are sufficiently small and numerous to present all possible orientations to the incident beam. When these conditions are not met, it is necessary to include several corrections to the Rietveld refinement routine. As an example, Fig. 1 shows the X-ray diffractogram corresponding to a heavily textured Fe-17.1 Mn-11.9 Cr (wt%) sample containing two crystal phases, f.c.c. and h.c.p. structures (blue dots), together with two Rietveld refinements obtained using the FullProf suite (Rodríguez-Carvajal, 1993) (solid lines) and the differences between the experimental data and the corresponding Rietveld fit. Fig. 1(a) shows the refinement assuming that the material has no preferred orientation and Fig. 1(b) displays the fit obtained by applying the Le Bail method (Le Bail et al., 1988) . Direct comparisons between the experimental and fitted results (difference curves) show that neither refinement is good enough.
Several modifications to the original Rietveld method have been proposed in order to account for effects related to grain size (crystallite size), crystalline texture and density of structural defects. The effects of grain shape and size on diffractionpeak broadening have been studied by different authors (Langford, 1968; de Keijser et al., 1982; Snyder et al., 1999) and several models have been included in standard Rietveld refinement methods to extract grain-size information from powder X-ray diffraction (XRD) patterns (de Keijser et al., 1983; Popa, 1998) . When the grain size is large, the diffracted X-rays display extinction effects and the integrated intensity of the powder sample is smaller than the area predicted by the kinematic theory (Zachariasen, 1969) .
The dynamical theory of diffraction deals with this problem and its theoretical solution has been treated by many authors since its formulation by Darwin (Darwin, 1922; Zachariasen, 1967; Bacon & Lowde, 1948; Sears, 1997) . When the crystals in a sample are not randomly oriented, it is necessary to take the orientation distribution function into account in the refinement. Different approaches have been implemented over the years (Dollase, 1986; Ahtee et al., 1989; Ferrari & Lutterotti, 1994; Matthies et al., 1997; Von Dreele, 1997; Jä rvinen, 1993) , and different texture models have been implemented in the Rietveld refinement computer programs DBWS (Wiles & Young, 1981) , GSAS (Larson & Von Dreele, 1994) , MAUD (Lutterotti et al., 1999 ), FullProf (Rodríguez-Carvajal, 1993 and GSAS-II (Toby & Von Dreele, 2013) . In all cases, the integrated intensities for the oriented sample I hkl are related to the randomly oriented intensities through a correction factor P hkl , which depends on the orientation distribution function of the grains and the sample orientation relative to the beam direction.
Several efforts have been made in order to perform quantitative texture analysis from Rietveld refinements (Von Dreele, 1997; Matthies et al., 1997; Keppler et al., 2014; Ischia et al., 2005; Ferrari et al., 1996; Wenk et al., 1994) . The basic idea is to use the whole measured profile while combining the Rietveld refinement with texture calculations in order to extract simultaneously the structural parameters and the orientation distribution function of the crystallites. The methods usually use multiple data sets obtained from neutron diffraction (Matthies et al., 1997) , XRD (Ferrari & Lutterotti, 1994) , synchrotron images (Ischia et al., 2005) or combined techniques (Lutterotti et al., 2004) . However, conventional Rietveld refinement codes are not well suited to obtaining accurate structural parameters from a single X-ray diffractogram refinement of a polycrystalline textured sample.
In this context, we have developed a simple full-pattern refinement model (that will be referred as 'FullFit' from now on) to study Fe-Mn-based alloys. The method has recently been applied by the present authors to study the composition dependence of the lattice parameters of the austenitic (f.c.c.) and martensitic structures (b.c.c. and h.c.p.) of Fe-Mn-Cr alloys (Malamud et al., 2018) . Two main objectives are considered in the present article. The first is to present the least-squares full-pattern analysis algorithm that can be used to extract accurate lattice parameters from a single XRD measurement of a textured multiphase sample. The second is to show in which way this method can be used as an effective tool for the design of new Fe-Mn-based alloys with expected properties. In the following section the model and its implementation within the MATLAB computing system (The MathWorks Inc., Natick, MA, USA) are described. The proposed methodology was validated through a series of experiments on pure metals. Finally, using the previously The X-ray diffractogram corresponding to a heavily textured Fe-17.1 Mn-11.9 Cr (wt%) sample containing f.c.c. and h.c.p. structures (blue dots), two different refinements obtained using the FullProf suite (Rodríguez-Carvajal, 1993) (solid lines), and the differences between the experimental data and the corresponding Rietveld fit. (a) Rietveld refinement assuming that the material has no preferred orientation. (b) A fit obtained by applying the Le Bail method (Le Bail et al., 1988) .
Full-pattern refinement model 2.1. Multiphase least-squares full-pattern analysis
According to the Rietveld approach (Young, 1993) the XRD intensity Y(2 i ) at a given point 2 i corresponding to a sample with N phases can be described as
Here, S J is the scale factor for each phase (mainly affected by the structure factor), I J hkl is the hkl reflection integrated area, the function P hkl (2 i ) J is the shape of the hkl line and B(2 i ) is a polynomial function that describes the diffraction pattern background. During conventional Rietveld refinement of a diffraction pattern, systematic deviations in the fitted parameters may occur as a consequence of correlations between the varied parameters. This situation is aggravated when fitting heavily textured materials. As a means of overcoming this difficulty, and to obtain precise lattice parameters, we propose a simplified full-pattern least-squares fitting scheme in which the intensity, peak width and peak shape of each reflection are individually fitted without reference to a structural model. The only structure-related constraint imposed during the refinement is the peak position, given by Bragg's law and the refined lattice parameters. In the following, we provide details of the fitting method.
Specifically, we propose to represent the intensity Y(2 i ) in our model by the expression:
Here, I J hkl is the refinable intensity of the hkl reflection of the J phase, R hkl ð2 i ; x; y J ; z J hkl Þ is the peak profile function and B(2 i ) is the background contribution. As will be detailed below, x represents a set of instrumental/sample refinable parameters such as asymmetry parameters to correct axial divergence or vertical displacement of the sample, y J are the refinable unit-cell dimensions of phase J, and z J hkl designates another set related to peak form such as peak shape and width. Next we provide details for these quantities.
2.1.1. Peak profile function. There are several analytical profile functions available to refine XRD measurements in some of the most popular Rietveld refinement programs, like Gaussian, Pearson VII, and Voigt or pseudo-Voigt functions (Young, 1995) . In all cases, the peak profile function approximates the effects of instrumental and specimen features, such as reflection profile asymmetry, aberration due to absorption, specimen displacement and specimen-caused broadening on the reflection profiles. For the present case, the peak profile function R hkl (2 i ) is described as a doublet pseudo-Voigt function [PV(2 i )] with both Cu K lines, K 1 ( 1 = 1.54056 Å ) and K 2 ( 2 = 1.54443 Å ):
Lð2 n hkl À 2 i Þ and Gð2 n hkl À 2 i Þ are the normalized Lorentz and Gaussian functions centered at the Bragg angles 2 n hkl (super-index n = K 1 or K 2 ) with an ! hkl full width at half-maximum (FWHM):
Here, is a parameter that mixes the two functions (known as the 'Lorentz fraction').
The model also allows the inclusion of corrections for reflection asymmetry due to axial divergence based on the description proposed by Finger et al. (1994) . In this approach, the peak asymmetry is described by a convolution of the double pseudo-Voigt function PV(2 i ) with the result of considering the intersection of the Debye-Scherrer diffraction cone with a finite-height slit. The resulting profile F hkl ð2 i Þ depends on two parameters (H L and S L ), related to the diffractometer radius and the sample and detector heights, that can be included in the refinement.
2.1.2. Peak position. The peak positions for the J phase appear at precise locations specified by Bragg's law for each particular wavelength n = 2d J hkl sinð n hkl Þ J , where d J hkl is the interplanar distance for the J phase (hkl) planes and J hkl is the Bragg angle. Therefore, the corresponding 2 n hkl angles can be calculated as
The model includes the deviation in diffraction angle from the calculated Bragg position due to systematic errors in line position by computing the 2 dependence of the peak shift,
where is the zero-point shift, the specimen displacement parameter and the specimen transparency parameter. The effect on lattice parameters of intergranular stresses that could lead to small misfits in individual peak positions is not taken into account in the typical use of the method, because the goal of the procedure is to determine a single set of lattice parameters. However, these effects can also be treated by FullFit using an individual profile-fitting method that is also available in its toolbox.
The interplanar spacings d J hkl are related to the crystalline structure and unit-cell dimensions (a, b, c, , , ) of each J phase by a general expression that depends on the structure,
Finally, the XRD intensity Y(2 i ) for an N-phase sample can be described as
The fit parameters for each phase J are the lattice parameters [a, b, c, , , ] J , the peak intensities I J hkl , the Lorentz factors parameters J and the FWHM ! J hkl . 
MATLAB implementation
We have produced a library within the MATLAB programming environment designed to analyze XRD experiments for Fe-Mn-based alloys. The library incorporates the equations presented in the previous sections and allows us to perform a multi-peak refinement of the experimental data using a limited number of fit parameters. The library developed for this work is available for any interested researcher and can perform the following tasks:
(i) Background extraction. The library extracts the elastic scattering component [first term of equation (9)] from the experimental pattern [ Fig. 2(a) ]. This is achieved by subtracting an approximation to the background contribution B(2 i ), represented by a five-degree polynomial baseline fit on the experimental data.
(ii) Indexing. In order to assign the correct Miller indices to the individual peaks in the diffraction pattern, the code incorporates the crystal symmetry and preliminary lattice parameter for each phase to define the expected Bragg angles J hkl . In particular, in the current implementation of the algorithm, f.c.c., h.c.p. and b.c.c. structures can be refined, and in these cases the interplanar distances are given by ; ð11Þ
where a f.c.c. , a h.c.p. , c h.c.p. and a b.c.c. are the corresponding lattice parameters of the present structures.
(iii) Least-squares full-pattern analysis. After indexing, the full-pattern refinement method is applied to the complete profile to refine the lattice parameters (a f.c.c. , a h.c.p. , c h.c.p. and a b.c.c. ), the Lorentz factor parameters J , the FWHM ! J hkl and the intensity factors I J hkl for each peak of each phase. The fit parameters are obtained by least-squares fitting to the experimental data, using a multi-peak fitting algorithm based on equation (12), and the uncertainties in the refined parameters are calculated using a 95% confidence interval of the least-squares estimation. The fitting routine uses the MATLAB Optimization Toolbox [http://www.mathworks. com/products/optimization/] for an efficient least-squares minimization process.
(iv) Goodness-of-fit parameter for the refinement. In each case, the goodness of fit for the refinement is quantified by means of the parameter 2 = R wp /R e , where R wp and R e are the weighted profile and expected R factors, respectively, defined as (Young, 1995) 
where Y i (obs) is the observed intensity at 2 i , Y i (cal) the calculated intensity, w i the weight, N the number of data points and P the number of fit parameters. This parameter estimates the agreement between the observed and calculated profiles. It should be stressed that this estimation is performed over the complete measurement range and not just for the peaks corresponding to a particular phase. According to the definition, as R factors evaluate differences, lower values are an indication of better refinement results.
Validation experiments
In order to validate the proposed methodology, we performed a series of XRD measurements on powder and textured pure metals with different crystal symmetries: Cu (f.c.c.), Fe (b.c.c.) and Ti (h.c.p.). The pure-element powder samples were copper powder (99%, Alfa Aesar), iron powder (99.5%, Riedel-de Haen) and titanium powder (99.7%, Aldrich). The textured samples we used were copper plate (99.999%, Alfa Aesar), iron chips (99.98%, Sigma-Aldrich) and titanium foil (99.7%, Sigma-Aldrich). The XRD patterns were collected at room temperature, using a Bruker D8 Advance X-ray diffractometer equipped with a Cu anode, a fast counting detector based on silicon strip technology (Bruker Lynx Eye line detector) and an Ni filter. The instrument was calibrated following the procedure specified by the manufacturer and met the required angular accuracy, instrument response and resolution. The samples were placed in a synchronous rotation holder and scanned over the 2 range from 30 to 145 with a step of 0.01 . It was operated with a current of 40 mA and a voltage of 40 kV, the selected divergence slit size was 1 mm, and there was no receiving slit, to take full advantage of the line detector. Additionally, a diffraction pattern of a NIST 1976a Al 2 O 3 standard was collected and refined with the FullFit method, obtaining lattice parameters a = 4.7588 (1) Å and c = 12.9929 (2) Å , which are in excellent agreement with the certified values a = 4.758877 (11) Å and c = 12.992877 (16) Å (see supporting information).
The indexed X-ray patterns for Cu, Fe and Ti obtained using the experimental configuration described above are shown as blue dots in Fig. 2 for all samples. All measured diffractograms were least-squares refined with the full-pattern refinement model described in the previous section, using a pre-indexing routine based on the reported values for the lattice parameters of the different metals (Swanson & Tatge, 1953; Pearson, 1958) . The solid black lines in Fig. 2 correspond to the data fits of these refinements and the lower red line shows the differences between the measured and fitted intensities.
As can be appreciated from the residual curves, we have obtained a high-quality refinement in all cases, even for the ranges exhibiting close or superposing peaks, as shown by the insets of Fig. 2(c) (enlarged views of the areas between 69 and research papers 78 ). The refined lattice parameters, together with the 2 and R wp parameters obtained in each case, are listed in Table 1 . The very good agreement between the refined values and the lattice parameters reported in the literature for the different pure metals, even for the textured samples, indicates the efficiency of the proposed method for characterizing the lattice parameters of b.c.c., f.c.c. and h.c.p. crystal structures. By contrast, systematic differences can be noted in the lattice parameters obtained by conventional Rietveld refinement of the diffractograms of the textured samples. Fig. 3(a) shows the indexed XRD pattern for a two-phase Fe-17.1 Mn-11.9 Cr sample with a grain size of about 0.3-1 mm (the same as that shown in Fig. 1) . The XRD measurements were performed at 295 K (room temperature), using the same experimental setup as described above for the measurement of the pure metals. In order to perform the indexing, the code uses the theoretical values for the lattice parameters of the different phases of the binary Fe-Mn alloy (Marinelli et al., 2001 (Marinelli et al., , 2000 to generate an initial indexing guess, where the Mn content is expressed in weight %: 
Fe-Mn-Cr alloys
The second step in the indexing process consists of fitting individual reflections [(111) f.c.c. , (0002) h.c.p. , ð10 " 1 10Þ h:c:p: and (110) b.c.c. ] to redefine the corresponding lattice parameters for each phase.
As shown in Fig. 3(a) , a high-quality refinement was obtained using the proposed full-pattern refinement model (FullFit) with a 2 value of 1.52 (R wp = 1.2%), even in the ranges where peaks corresponding to different phases are very close to each other (as shown in the inset). Fig. 3(b) displays the residual plot for the different refinement types: the dashed green line corresponds to the residual of the Rietveld refinement obtained using the FullProf suite assuming that the material has no preferred orientation [ Fig. 1(a) ], the dotted red line corresponds to the difference curve obtained by applying the Le Bail method [ Fig. 1(b) ] and the solid black line shows the residual plot obtained by the FullFit method [ Fig. 3(a) Table 1 Lattice parameters for the pure metals, showing the different structures.
Bulk and powder samples were measured and the refinement method explained in the text was used in all cases. Reported values obtained from the literature are also shown. The 2 and R wp parameters obtained in each refinement are also presented.
Fe
Cu Ti are an order of magnitude lower than the corresponding values of the other refinement models, with 2 values of 13 and 9.52 for the Rietveld and Le Bail type refinements, respectively. The differences in the 2 values can be attributed to the distinct refinement strategies used by each method. In a Rietveld refinement the intensity and width of each peak are constrained by the structural model. In a Le Bail refinement the intensity of each peak is adjusted independently, instead of being determined by the structure factor, and only the widths of the peaks are constrained by the model. In a FullFit refinement both intensity and width are refined independently for each peak.
As the refinement freedom increases, smaller goodness-of-fit parameters are obtained, indicating better agreement between the measured and calculated data. This higher-quality refinement leads to more accurate refined parameters, showing that the proposed full-pattern refinement model is more suitable for obtaining reliable lattice-parameter values for multiphase Fe-Mn-Cr samples.
Alloy design
The FullFit model has recently been applied to the study of the composition dependence of the lattice parameters of the austenitic (f.c.c.) and martensitic structures (b.c.c. and h.c.p.) of quenched Fe-Mn-Cr alloys in an extended range of composition (17 Mn 27 wt% and 2.5 Cr 12 wt%) where the f.c.c./h.c.p. martensitic transformation takes place (Malamud et al., 2018) . The lattice-parameter variations were analyzed in terms of the Mn and Cr contents of the alloys and analytical expressions were obtained from the refinements. The results showed a smooth dependence of the b.c.c. lattice parameter with alloy composition, while the measured parameters for the f.c.c. and h.c.p. phases (a f.c.c. , a h.c.p. and c h.c.p. ) tend to increase with increasing Mn content at constant Cr content. The obtained analytical expressions allowed the calculation of the volume per atom for each structure and evaluation of the volume change associated with the f.c.c./ h.c.p. martensitic transformation over the whole range of studied compositions. The relative volume difference between these phases is defined as 
Fig . 4 shows the relative volume difference between the f.c.c. and h.c.p. phases of Fe-Mn-Cr alloys as a function of Cr content for different Mn contents. The data for the figure were obtained using the analytical expression for the lattice-parameter variations over a wider range of composition. The results indicate that the volume change tends to decrease as the addition of Cr increases. In order to validate this prediction, two new alloys (Samples 1 and 2) were designed and cast with nominal compositions containing 14 wt% Cr and 27 or 29 wt% Mn, respectively. The experimental procedure is similar to that described by Malamud et al. (2018) . The chemical composition for each alloy (Table 2) was determined by neutron activation analysis (Cotes et al., 1995) . For these alloys, the Né el temperature (T N ) is higher than the martensitic transformation temperature (M s ), as predicted using the dependence of both temperatures on composition as presented by Guerrero et al. (2017) .
XRD specimens from each alloy were prepared and measured using the same routine and experimental setup as that described by Malamud et al. (2018) . The diffraction patterns were analyzed using the full-pattern refinement model FullFit. As an example, Fig. 5 shows the indexed XRD patterns measured for Sample 1 (blue dots), together with the data fit (solid black line) and the difference curve between the measured and fitted values (bottom plot). Although the sample shows preferred orientation, the model correctly fits all phases. The second alloy refinement displays similar characteristics. For Samples 1 and 2, the refinement gives 2 values of 1.94 and 1.78, respectively. The refined lattice parameters for each phase and the derived dV/V (%) value are shown in Table 2 , together with the volume change predicted using the analytical expression presented by Malamud et al. (2018) . Table 2 The refined lattice parameters for the new alloys and the derived dV/V values (%). Refined 
Figure 4
The relative volume change associated with the f.c.c.-h.c.p. martensitic transformation, plotted as a function of Cr content for different Mn contents, as obtained using the analytical expression for the latticeparameter variation presented by Malamud et al. (2018) As can be observed in Table 2 , both these new Fe-Mn-Cr alloys show a noticeably good agreement between the predicted volume changes and the values obtained experimentally. This result is relevant and shows three features: (i) the FullFit refinement method leads to very precise values of lattice parameters, even in samples which are far from the powder condition, (ii) it is possible to use the obtained lattice parameters and volume changes to propose reliable empirical methods which give the effect of composition on structural magnitudes, and (iii) it is then possible to design alloys with predicted volume changes associated with the f.c.c.-h.c.p. phase transition and the results can be experimentally verified and validated.
It is interesting to analyze some of the consequences of improving the capacity to design alloys with predicted volume changes during a martensitic transformation. The volume change directly affects several material properties such as the shape-memory effect. Large volume changes associated with the martensitic transition lead to simultaneous microplasticity and introduction of defects in both austenite and martensite or in a softer structure, as has been shown in Fe-Mn and Fe-Mn-Si alloys. This plasticity leads to a reduction in the mechanical reversibility, which thus affects the shape-memory efficiency. The possibility of reducing the volume change is extremely attractive since reversibility is favored. In cases where the volume change becomes extremely small, elastic deformation is enough to accommodate the volume change, leading to a decrease in the number of introduced defects, greater mechanical reversibility, and probably thermoelasticity and pseudoelasticity. A very interesting example was reported a few years ago, when the discovery of Fe-Mn-Al with an extremely small volume change (Ando et al., 2009 ) associated with a martensitic transition led to the development of the first pseudoelastic Fe-based alloys. In fact, the addition of Ni favors the introduction of Ni-rich precipitates, which has enabled pseudoelastic properties to be obtained in Fe-Mn-Al-Ni alloys (Omori et al., 2011 (Omori et al., , 2013 La Roca, Baruj, Sobrero et al., 2017; La Roca et al., 2015) .
An additional and significant role played by the lattice parameters and volume effect is associated with the strain energy, which is one of the main barriers to be overcome by the driving force of the transformation (Olson & Cohen, 1976) . This was explained by those authors when they treated the nucleation of martensite at the f.c.c.-h.c.p. martensitic transition. Their model considers that the main requirement for an embryo of martensite formed of n planes to reach the critical size is the need to balance the energy barriers which resist the transformation with the driving force of the phase transition. This driving force is given by the difference in Gibbs free energies between the two phases (ÁG f:c:c:Àh:c:p: m ), and the barriers are mainly the strain energy (E st m ) and the surface energy E sur m (Olson & Cohen, 1976) . This idea is formalized in the following equation:
ðnÞ ¼ n ÁG f:c:c:Àh:c:p:
Here, (n) is the change in energy between a nucleus of martensite formed by n planes and the same volume in austenite, and is the atomic density in the compact plane in f.c.c. (basal plane in h.c.p.) in moles per unit area. The volume change is necessary to determine the strain energy, and recently it was reported that strain energy values reach between 20 and 30% of the driving force required to nucleate the martensite (Malamud et al., 2018) , indicating that this barrier cannot be disregarded. The critical size to obtain an h.c.p. nucleus is then reached when both members of equation (18) equal 0, the required condition to reach M s , i.e. the temperature to start the phase transition during cooling. Another interesting consequence of obtaining precise values of the volume changes in the f.c.c.-h.c.p. martensitic transition is related to the stacking fault energy (SFE). This parameter is noticeably relevant since stacking faults in f.c.c. phases favor the nucleation of h.c.p. martensite, simply due to the stacking in the fault. Large SFEs make nucleation more difficult, while smaller values might favor the start of the phase transition. From equation (18) it is possible to obtain the SFE considering just two planes with an h.c.p. stacking, i.e. introducing n = 2 into the equation. Thus, SFE = (n = 2), showing the direct relationship between the SFE and the strain energy, which is determined by the volume change and lattice parameters. An example of the relevance of obtaining precise values of SFEs is given by the effect of these values on the type of mechanical behavior reported for TRIP/TWIP high-Mn steels. Several articles have reported that the specific deformation behavior is determined by the SFE (Chowdhury et al., 2017) .
Additionally, we note that the precise determination of lattice parameters facilitates the use of reliable predictive models which relate composition to volume changes. This knowledge can be used to design alloys where (i) it is possible to change the deformation mechanisms, (ii) the amount of plastic deformation might be increased or decreased according to the volume change, and (iii) thermoelasticity or The XRD pattern measured for the Fe-Mn-Cr sample containing 26.4 wt% Mn and 13.9 wt% Cr (blue dots). The black line corresponds to the data fit and the lower line plot shows the difference between the measured and fitted values. pseudoelasticity might be favored by the strong decrease in the volume change.
As a final remark, we express our hope that the proposed FullFit method can be used in other materials science subjects where precise lattice-parameter values from standard laboratory XRD data could be useful. To this end, we are currently working on an extended version of the software that could take different peak shapes into account and extract valuable information from peak widths. As mentioned above, the code is available upon request to any interested researcher who wants to use it or modify it according to their interests.
Conclusions
The FullFit pattern refinement method has been developed, which leads to precise measurements of lattice parameters in the structures related by martensitic transitions in Fe-Mnbased alloys, f.c.c., h.c.p. and b.c.c. Reliable results are obtained in polycrystalline samples which are far from the powder morphology. The method was validated using textured samples obtained from pure metals. Applying a phenomenological model developed using data obtained with the FullFit method, it was possible to design new alloys in a composition range outside the previously analyzed experimental alloys. In this way, smaller atypical volume changes between f.c.c. and h.c.p. were obtained, in excellent agreement with the prediction of the model.
A methodology to explore and design alloys with specific volume changes associated with martensitic transitions has been presented. The developed software is available for the scientific community and is expected to become an efficient tool for the design of new materials.
